Abstract. Observations of surface gravity waves shoaling between 8-m water depth and the shoreline on a barred beach indicate that breaking results in an increase in the directional spread of wave energy, in contrast to the directional narrowing with decreasing depth predicted by refraction theory (Snell's law). During low-energy wave conditions, when breaking-induced wave energy losses over the instrumented transect are small, the observed mean propagation direction and spread about the mean both decrease with decreasing depth, consistent with the expected effects of refraction. Nonlinearity causes high-frequency components of the spectrum to become directionally aligned with the dominant incident waves. During high-energy wave conditions with significant wave breaking on the sand bar, the observed mean directions still decrease with decreasing depth. However, the observed directional spreads increase sharply (nominally a factor of 2 for values integrated over the swell-sea frequency range) between the outer edge of the surf zone and the crest of the sand bar, followed by a decrease toward the shoreline. Observations on a nonbarred beach also show directional broadening, with spreads increasing monotonically from the outer edge of the surf zone to a maximum value near the shoreline. Although the mechanism is not understood, these spatial patterns of directional broadening suggest that wave breaking causes significant scattering of incident wave energy into obliquely propagating components.
Introduction
The propagation directions of shoaling surface gravity waves change owing to refraction by spatial variations in water depth. If alongshore depth variations, currents, dissipation, and nonlinear effects are neglected, then both the wave frequency f and alongshore wavenumber l are conserved (Snell's law [e.g., Kinsman, 1965] ). As the water depth h decreases, the wave incidence angle • decreases, and in the shallow water limit Little is known about the effects of wave breaking on the directional properties of shoaling waves. Video observations show that incidence angles decrease as broken bore fronts approach the shoreline, qualitatively consistent with refraction [Lippmann and Holman, 1991] . However, initially straight wave crests sometimes appear to bend suddenly near locations separating breaking and nonbreaking portions of the wave crest. In a natural surf zone with irregular spatial fluctuations in wave-breaking patterns, these apparently random direction changes may cause a broadening of the directional distribution of wave energy, even on beaches with straight and parallel depth contours. Velocity measurements in the surf zone of a nearly plane beach indeed indicate a significantly stronger alongshore component of the wave orbital motion than is predicted by Snell's law [Guza and Thornton, 1985] , consistent with a broadening of the directional spectrum. Analysis of array observations shows that a shore-parallel sand bar located within an energetic surf zone traps obliquely propagating waves in the incident swell frequency band [Bryan and Bowen, 1996] . However, the generation mechanism and importance of these bar-trapped edge waves are unknown.
In the present study the transformation of directional wave Incident wave properties were estimated from data obtained with a coherent array of 15 pressure gauges located in 8 m depth [Long, 1996] , about 400 m directly offshore of the seaward end of the instrumented transect.
Pressure and velocity data were collected nearly continuously with a 2-Hz sample frequency. Spectra and cross-spectra were estimated at hourly intervals in the swell-sea frequency range of 0.05-0.25 Hz from 51.2-min-long data segments. A relatively wide frequency band width of 0.029 Hz was used to ensure stability (about 180 degrees of freedom) of directional moment estimates and to reduce variations in spectral levels resulting from phase coupling between incident and reflected wave components. Surface elevation spectra E(f) were estimated from the pressure spectra using linear theory to account fp and 2fp spreads differ by less than +20%. The corresponding mean directions at frequencies fp and 2fp converge in a similar fashion (dashed curve in Figure 6b ) and differ by less than a few degrees at the shallowest instrument locations.
Discussion
To Figures ld, 2, 3a, and 5b) . Well inside the surf zone, the observed mean direction and directional spread are nearly independent of frequency (Figures 4i, 6b, and 7) . Observations of wave shoaling on a nonbarred beach (Figures 8 and 9) show a similar increase in directional spreading in the surf zone, suggesting that the broadening is primarily the result of wave breaking and is not sensitive to the detailed beach topography. The scattering process is not understood well, and more detailed observations are needed to resolve the directional wave properties (e.g., contributions of edge waves). The observed increases of directional spreads in the surf zone are large (nominally a factor of 2) and may have important implications for the dynamics of nearshore wave-driven currents.
Appendix: Estimation of Directional Moments
The cross spectra of a collocated pressure sensor and bidirectional current meter yield low-resolution directional wave information equivalent to that obtained from measurements of commonly used surface-following heave-pitch-roll buoys 
